Introduction
The effectiveness of selection depends on the precision with which the genetic potential of individuals or families is assessed. The assessment of the genetic potential for agronomically important quantitative traits is subject to errors of various causes such as environmental heterogeneity in selection field and lack of precision in the process of trait measurement. Non-additive gene effects may also be considered to be an error factor when they prevent the prediction of genetic advance by selection. Various refined concepts and methods for controlling these errors through the use of special field preparation, family data or progeny test have been proposed hitherto on a theoretical basis (Hallauer and Miranda 1988 , Bos and Caligari 1995 , Kempton and Fox 1997 . The use of marker-assisted selection has recently been found to improve the effectiveness of selection for quantitative traits (Knapp 1998 , Moreau et al. 1999 . Not all the refined methods, however, have been or will be widely adopted in practical breeding projects. Breeders often are reluctant to use a refined precise method because it is resource-consuming. Cost as well as the precision of selection must explicitly be taken into account when deciding the best selection method in practical breeding projects. A theoretical basis for evaluating the cost efficiency of selection methods remains to be developed.
A refined selection method generally requires a high resource investment per plant and population, and therefore limits the number of genotypes and populations (cross combinations) that can be tested under a given total amount of investment. This in the long run will reduce the opportunities of obtaining new varieties. In contrast, a large number of populations could be tested if a low-input rough selection method could be used, but none of these populations may give an adequate response to selection. Neither high-input nor rough selection will be efficient. There should be an optimum selection method with an optimum resource input per plant and population to obtain the highest cost efficiency in the long run.
Research on selection methodologies until now has been directed to the development of selection methods for achieving the maximum expected genetic advance in a target population (cross combination). Not all the populations tested have the potential of producing the desired results. In reality, only a small proportion of the populations tested gives successful results. Therefore, high investment per population would not be wise because it limits the number of populations tested and then reduces the chances of success. Similarly, within a cross combination, using a refined costly selection method may not be efficient because it reduces the number of genotypes tested (population size). Therefore, Yonezawa et al. (1999) introduced a new efficiency index, i.e., the ratio of the probability of the desired results being achieved in a target population to the cost expended to that end. A selection strategy or method that maximizes this index will give the largest number of successful results with the same total amount of investment, although it may not necessarily lead to the highest possible genetic advance in individual populations. It is anticipated that some long unsettled issues relating to the optimization of selection methods could be addressed based on this concept of selection efficiency.
As the first step to facilitate this line of investigations, we determined here the practical advantage of spatial error control in single plant selection, one of the classical, yet unsettled issues, explicitly in terms of genetic and cost variables. The concept of spatial error control was introduced with the start of research on modern selection methodology in the 1940s, and various methods of error control in single plant selection as well as variety trial have been proposed (Fasoulas 1973 , Bos 1983 , Stam 1984 , Kempton 1984 , Kempton and Fox 1997 . However, extra cost is needed to perform the error control. This disadvantage has to be taken into account properly.
Theory

Precision of Selection
The precision of selection can be represented by the correlation between the phenotypic scores and the true genotypic values of candidate plants. In an unreplicated single plant selection, phenotypic score of plant i taken in selection field j and year k can be expressed as ,
where m is the overall mean; is the genotypic value of plant i (defined for the whole target area and years under the breeder's responsibility, not for the particular field and year used for the selection); is the environmental effect specific to location j; is the environmental effect specific to trial year k;
is the interaction of genotypes with the environmental conditions specific to location and year, which is further divided into three components, i.e., genotype × location, genotype × year, and genotype × location × year interaction; and is the error independent of genotype, year and location. Effects and are totally confounded in single plant selection, but need to be separately treated in the following discussion. The correlation of the phenotypic scores with the genotypic values , designated as , is expressed as (2) where is the variance of phenotypic scores; is the variance of genotypic values; is the variance of genotype × environment interaction ; is the variance of the error ; and is the covariance between and , which corresponds to because the genotypic values are independent from the other effects.
stands for the sum . The term in eqn (2) corresponds to the broad-sense heritability, i.e., the precision corresponds to the square root of the broad-sense heritability. Both and reduce the precision of assessment of the genotypic value across the target conditions. The error variance can be divided into three components of different origins, designated as , and , which, respectively, are associated with the spatial environmental heterogeneity in the selection field, the developmental instability of the trait concerned (including random, non-spatial microenvironmental heterogeneity between plants), and errors occurring in the process of taking the phenotypic scores. The sum is equivalent to the random, non-spatial environmental variance defined by Stam (1984) .
The interaction variance , which is caused by the differential response of genotypes to the macro-environmental factors specific to the selection field and year used, cannot be controlled in single plant selection. The error variance cannot be controlled either. can be reduced by either field preparation for environmental uniformity or statistical adjustment for the environmental heterogeneity (Kempton and Fox 1997) .
can be reduced via improvement in the measurement procedures or facilities. The components and have seldom been treated separately from , but may play an important part in lowly heritable traits such as yield. The total error variance , which is defined in this paper as the error variance with error-uncontrolled assessment, can be reduced to by controlling the components and/or . Then, the precision under an error-controlled assessment designated as , can be expressed as
where stands for the reduction (ratio) in the error variance, i.e., . The term in the above equation reaches zero as increases toward 1, indicating that error control will not be rewarding unless the precision is low with error-uncontrolled assessment. Selection usually occurs in multiple cycles (generations), and the genotypic variance and heritability ( ) will decrease with the passage of generations. The genotypic variance and correlation of eqns (2) and (3) are defined for the initial generation.
Condition for Efficient Error Control
The efficiency of selection was evaluated here by the index, S/C, introduced by Yonezawa et al. (1999) , where S is the probability that the desired results are achieved in a target population, and C is the cost expended to that end. A selection method which gives a larger value of S/C is more efficient because it offers more opportunities of success under the same total resource investment.
In the case of cross-fertilizing crops, the probability S is defined as the probability that the population mean is im-
proved to the desired level, while in the case of self-fertilizing crops as the probability that the desired homozygous genotype is obtained. In both cases, S depends on the precision of the genotypic value assessment as well as some genetic and procedural variables described later. When the selection is operated in t consecutive generations (years), testing N plants per generation with a resource expense bB per plant (B = expense per plant under error-uncontrolled assessment), the cost C for this selection trial is represented as , where A is the annual economic disadvantage due to the loss of time (Yonezawa et al. 1999 for the quantification of A). The annual expense bBN in most actual selection trials cannot be freely chosen by the breeder, but is rather fixed to a certain amount K. Under these conditions, the cost C is represented by . Since the term can be treated as a constant in the present context, the index S/t under the condition determines the efficiency of selection. It is not necessary to quantify B in any particular unit and B can be treated as 1, because only the relative amount of cost (b) is important in the present discussion.
With an error control of investment b, the assessment precision is improved via relation (3), but the population size N is reduced from K to K/b. To alleviate this shortcoming, the error ratio must be sufficiently small. There should be a critical maximum error ratio, designated as ; error control is efficient when it has an error ratio smaller than . The condition for efficient error control is then expressed as . ( 4 ) As will be determined later, depends on the investment b as well as on a number of genetic and procedural variables. It also takes different values depending on whether the target population is cross-or self-fertilizing. The condition (4) can be expressed in terms of reduction in the individual error components as (5) where stands for the fraction of error variance component c in the whole error variance , being the value under error-controlled relative to error-uncontrolled condition (zero when totally removed and unity when not removed at all).
Not all the error components are controllable. When an error component of a fraction is reduced to with the remaining error components unchanged, condition (5) becomes , which is written as (6) Condition (6) can never be satisfied unless .
Numerical computations
The critical error ratio was obtained here via calculations of the efficiency S/t under practically possible values of the related variables. The probability of success S depends on the following variables; = genotypic variance of the initial generation, which is determined, as mentioned below, by the number and genetic effect of the genes involved, = broad-sense heritability in the initial generation under error-uncontrolled assessment, which together with specifies the value of the error variance for error-uncontrolled assessment and for an error-controlled assessment (cf. eqn (3)), K = resource expense per generation, which, under the quantification of B = 1, is equivalent to the population size available with an error-uncontrolled assessment, L = number of loci (or effective factors of Mather and Jinks 1971) involved with the trait to be improved, p = selection rate (fraction selected) per cycle, = minimum desired genetic advance, which is expressed for convenience by the ratio to the maximum genetic advance achievable in the target population tested, = the error variance ratio defined in eqn (3), and t = number of generations of selection. The probability S was calculated by Monte Carlo simulations, firstly, assuming mass selection for an allogamous, hermaphroditic (including monoecious) diploid crop. Selection for an allogamous crop may be operated for both sexes (operated before flowering with the progeny for the next generation being raised via random mating between selected plants), or for the female sex only (operated after flowering). The calculations were made for both cases. S was obtained as the relative frequency (in a total of 500 to 1000 replicated runs) of the runs that gave a genetic advance as large as or larger than the minimum desired value for . The target population for the selection was initiated as an F 2 population produced via hybridization between two varieties homozygous for the trait concerned (Yano et al. (2000) for the details of the simulation procedures). Independent inheritance and additive genetic effect without dominance of the L genes were assumed, with genotypic values 1, and −1 being assigned to the two homozygotes and 0 to the heterozygote at each locus. In this gene-effect model, the mean and genotypic variance ( ) of the initial population were 0 and L/2, respectively, and the maximum possible genetic advance in this population was L. The error variance under error-uncontrolled assessment (b = 1) was specified as via the relation , and the error variance under error control, i.e., , was given by . The phenotypic score of a plant was represented by the sum of the genotypic value assigned by the above-mentioned gene-effect model and an error effect randomly chosen from a normal distribution for error-uncontrolled assessment and for error-controlled assessment.
In the case of selection for traits with a low to moderate heritability, the calculations were made with the following specifications: = 0.1~0.5, K = 200~5000, L = 10 and 20, = 0.4, 0.6 and 0.8, p = 0.05, = 0.01~0.9, and t = 1~20. Four values 1.5, 2, 4 and 8 were assumed to correspond to the relative cost b. The two numbers of loci assumed, i.e., 10
and 20, were considered to be sufficiently large to cover the actual range because the genetic control of agronomically important quantitative traits in artificially generated populations could be explained by the segregation of 10 or fewer loci (Bhatt 1972 , Mulitze and Baker 1985 , Dingerdissen et al. 1996 . When measured in units of the genotypic or phenotypic standard deviation of the initial generation, the values of the three critical genetic advances ( ), 0.4, 0.6 and 0.8, were changed to the values presented in Table 1 .
The results of calculations under selection for both sexes (biparental selection) with specifications = 0.1, K = 500, L = 20, = 0.6 and p = 0.05 are illustrated in Fig. 1Ã  Fig. 1D . Judging from the highest efficiencies (S/t) achieved in a sufficiently large number of cycles of selection, an error-controlled assessment for b = 1.5 in Fig. 1A is superior to error-uncontrolled assessment (b = 1) when the error variance ratio is smaller than about 0.8, i.e., for b = 1.5 is 0.8 approximately. As seen from figures B to D, the value of decreased to about 0.7, 0.4 and 0.2 as b increased from 1.5, 2 through 4 to 8.
Calculations of the selection efficiency for different values of the variables concerned, although omitted for brevity, led to the following trends. Calculations for = 0.5 with the other variables being the same as in Fig. 1 showed that is practically the same as for = 0.1, that is, is not substantially modified in this range of heritability. It is noted, however, that the magnitude of improvement in the efficiency S/t is not appreciably large when is as large as or larger than 0.5, indicating that error control is not effective enough for moderately to highly heritable traits.
With K = 200 for b = 2 and 4, the value decreased to about 0.5 and 0.3, respectively, indicating that error control must be more effective. In other words, a precise yield assessment when the population size is reduced may not be beneficial with a lower availability of resources per generation. With the increase in K from 500 to 2000, on the other hand, the critical error variance ratio increased. The increase in , however, was negligible when b = 2, while significant, i.e., increasing from 0.2 to 0.3 approximately, when b was as large as 8. For K = 5000, increased to 0.8 when b = 2, and to 0.4 when b = 8.
was not much influenced by K as far as b was as small as or smaller than 2. Similar magnitude of increase in to that with the increase in K was obtained when L decreased from 20 to 10, or decreased from 0.6 to 0.4. Increase in from 0.6 to 0.8 (under K = 500) caused a fairly large reduction in as well as the optimum number of selection cycles; decreased from 0.7 to 0.6 when b = 2, and even to around 0.1 when b = 8. It will be difficult to construct an error control device as effective as that to obtain such a small value (0.1) of . Calculations for = 0.8 would practically indicate that the population size and selection cycles rather than the precision of selection are important to achieve a very high genetic advance.
When the selection was operated only for the female sex (uniparental selection) with the other conditions being the same as those defined in Fig. 1 , the optimum generation for selection was delayed but the value remained almost the same as that with biparental selection (0.7) when b = 2 although it increased from 0.2 to 0.3 when b = 8. This indicates that error control is slightly more useful in uniparental than biparental selection. Based on the trend obtained in the discussion of optimum mass selection procedures (Yano et al. 2000) , dominance was not associated with important modifications;
did not change substantially unless desirable alleles were either dominant or recessive unidirectionally at the majority of the loci involved.
The above calculations were made under the assumption that expense per year, bN, is fixed to a certain value K. Selection procedures may be designed with the total expense per target population, bNt, being fixed to a certain value, . In this case, the efficiency index S/C equals S/ . I n a selection trial for developing a new market variety, the term At should be much larger than (Yonezawa et al. 1999) , and then, the efficiency index becomes S/(At) approximately. The problem now is to obtain that maximizes S/t under the condition bNt = . Calculations for = 4000 and 8000 with the other variables being specified as in Fig. 1B and Fig. 1D showed that the value was almost the same as before, although it increased from 0.2 to 0.3 when b = 8 for = 8000. In short, the value in selection for cross-fertilizing crops falls in a range of 0.2 to 0.8 under practically possible values of the related variables. Calculations for self-fertilizing crops under similar specifications of the related variables as those employed in Fig. 1B and Fig. 1D are presented in Fig. 2A and Fig. 2B , where S indicates the probability that a homozygous genotype as good as or better than is obtained from the target population. Because self-fertilizing plants do not intermate, response to selection is expected to reach a plateau very soon. Harmonizing with this expectation, the figures show that the selection efficiency S/t is maximized in the first two or three generations, and, as a more important point in the present context, the value is much smaller than that for cross-fertilizing crops mentioned before; it is around 0.4 when b = 2 and 0.05 when b = 8.
Discussion
The calculations of the efficiency S/t together with the inference by eqn (3) lead to the prediction that error control will be advantageous only for lowly heritable traits such as yield. Usefulness of error control in yield selection is discussed below based on the criterion defined above. Conditions (3) and (6) show that the broad-sense heritability ( ) and fraction of the target error component are the key parameters. Using yield data obtained in the previous experiments, we can estimate, though roughly, the range of Fig. 1 . Efficiency S/t (× 10 −2 ) for varying values of the error variance ratio in selection for a cross-fertilizing crop (calculated for = 0.1, K = 500, L = 20, = 0.6 and p = 0.05). The calculations for = 1 give the efficiency of selection with error-uncontrolled assessment (b = 1). S = probability that the aimed selection advance is achieved. t = number of generations of selection. b = cost of error-controlled relative to error-uncontrolled assessment. = error variance of error-controlled relative to error-uncontrolled assessment. Fig. 2 . Efficiency S/t (× 10 −2 ) for varying values of the error variance ratio in selection for a self-fertilizing crop (calculated for = 0.1, K = 500, L = 20, = 0.6 and p = 0.05).
and as follows.
The genotypic value and genotype × environment interaction (cf., eqn (1)) are confounded in an unreplicated trial. The broad-sense heritability may be markedly overestimated because what is estimated is , denoted by , and not the heritability in the true sense, . Of the two error variance components and , only the latter can be controlled in single plant selection. The fraction , denoted by , and the true heritability can be expressed, in terms of the raw estimate of heritability , as and , respectively. As far as the grain yield of cereal or oil crops, either cross-fertilizing or self-fertilizing, is concerned, the raw estimates in early segregating generations appear to be in the range of about 0.5 to 0.9 (Zuberi and Ahmed 1973 , Ronis et al. 1985 , Ashraf 1994 . The variance ratio can roughly be obtained from the yield experiment data reported previously; appears mostly, if not always, to be larger than 1, being even as large as twenty (Sprague and Federer 1951 , Hanson and Brim 1962 , Robinson 1984 . Calculations of as well as the estimates of the true heritability under conditions of 0.5 to 0.9 for and 1 to 16 for are presented in Table 2 , indicating that and are in the range of about 0.03 to 0.45 and 10 to 65 %, respectively.
Not all the components in are controllable in an unreplicated trial. It is commonly observed that within-plot (between plants) error variance ( ) for grain yield is larger than that between-plot or block variance ( ), as exemplified in Table 3 for buckwheat (cross-fertilizing) and rice (selffertilizing). The soil condition within plots in the yield experiments of Table 3 is considered to be highly uniform because the soil and fertilizers were carefully mixed when the experimental plots were prepared. Then, it may be assumed that is mainly composed of the random non-spatial errors and . , on the other hand, should reflect the spatial environmental heterogeneity in the field, which accounted on the average for less than 20 % of the total error variance . The controllable spatial error component in single plant selection, , will be even smaller than , because it should reflect the environmental heterogeneity within rather than between blocks (note that a target population for selection does not cover a wide field area unless the size is in the order of 10 4 or more). Assuming that accounts for 15 %, its fraction in condition (6)) in the total error variance ranges only from 1.5 (= 10 × 0.15) to 9.75 (= 65 × 0.15) %. Under these small values of with the possible range (0.2~0.8 for cross-fertilizing crops and 0.05~0.4 for self-fertilizing crops) of calculated previously, condition (6) cannot be satisfied. Error control in yield selection, therefore, is not predicted to be advantageous.
Some authors (Mitchell et al. 1982 , Fasoulas 1977 ) have suggested that widely-spaced planting should be used to identify high-yielding genotypes because it relieves the competition between plants. While the non-spatial environment error variance component may be reduced under widely-spaced planting, will be rather inflated. No experimental data appear to suggest that the reduction in is large enough to cancel the disadvantage of spending a wide space per plant. Moreover, a high-yielding genotype under widely-spaced planting does not necessarily give a high yield per unit field area.
A trend more or less different from the abovementioned is recognized when focusing on the selection efficiency that is achieved in the first few, instead of the optimum (to maximize S/t), generations of selection. In crossfertilizing crops, an error control even as expensive as b = 4 or 8 (Fig. 1C and Fig. 1D ) gives a significantly higher efficiency than error-uncontrolled assessment (b = 1). The calculations of S/t, although not presented here, showed that, as far as the efficiencies in the early two or three generations are concerned, the value of is close to 1 with any practically possible value of b. In this case, condition (4) becomes almost independent of b, and is approximated as , indicating that selection with a high precision is efficient even if expensive. In self-fertilizing crops, on the other hand, a high-input selection is not efficient regardless of whether the selection is operated in only a few or more generations (Fig. 2) , indicating that the population size rather than the precision of selection determines the results of selection.
It is inferred that error control with high investment may be advantageous for some plants where a long period of care management is needed to grow the test plants. In these plants, the cost for care management may be much higher than that expended for the genotypic value assessment itself, and then, extra expense for the error control will cause only a slight increase in the relative cost b. When b is close to 1, condition (4) is approximated as , indicating that precision alone determines the efficiency of selection.
The calculations presented in this paper were made assuming that the expense per generation (K = bN) or cross 
is fixed to a certain value. The calculations gave a clue to determine which of the two variables, population size or the precision of selection, is more important. In some cases, the population size may be predetermined without any explicit limitation on the expense (b). The issue in this situation will be to evaluate the advantage of extra investment b under a fixed value of N. This issue also can be addressed using the efficiency index . The index can be approximated to S/(At) or S/(bBNt) in two extreme cases where the annual expense bBN is sufficiently small or large compared to the economic disadvantage due to the loss of time (years) A, respectively. The former case will hold true when a large economic advantage is expected to be gained with the success of selection (and many breeders compete), while the latter case may hold true when the time loss is not important. The efficiency index increased with increasing b in the former case, whereas it decreased in the latter case. Therefore, the optimum expense b depends on the amount of the annual expense bBN relative to the time expenditure A. The yield data of buckwheat were obtained using three randomized blocks. One hundred fifty plants/variety/block were grown in a plot with a size of 4 m × 1.2 m, and the yield of 20 randomly sampled plants was determined. 2) Because buckwheat is a cross-fertilizing crop, genotypic variance is confounded in both within-plot (A) and between-block (B) variances. By the relations and , the within-plot error variance and block variance were estimated by and , respectively, where is the broad-sense heritability within plots. The estimates of and were obtained assuming the two values of , i.e., 0.45 and 0.03 (see text), presented before and after the slush, respectively. 3) Estimates of with minus sign were regarded as zero. 4) The rice varieties were grown in six randomized blocks prepared in under markedly different cultural conditions (3 seeding dates × 2 fertilizer levels). The yield of twenty plants/variety/block in the central among three 3 m long rows (with a planting density of 0.3 m × 0.15 m/plant) was determined.
In conclusion, the spatial error control in single plant selection will not be advantageous unless the error variance is reduced to a sufficiently low value relative to erroruncontrolled assessment. The critical error variance ratio was calculated to be 0.2 to 0.8 approximately for crossfertilizing crops and 0.05 to 0.4 for self-fertilizing crops for an extra cost (b) less than 8. The calculations based on some experimental data showed that these conditions for are very seldom satisfied in yield selection for cereal crops. The importance of the population size relative to the precision of selection (error control) is more pronounced with a greater magnitude of the genetic advance to be achieved .
